Nuclear import and export of molecules are vital cellular processes that occur through nuclear pore complexes (NPC). These pathways that mediate the translocation of molecules through the NPC are often usurped by pathogens to favor their replication[@b1][@b2]. As a countermeasure, the nuclear transport machinery responds to the abnormal challenge by regulating gene expression that favors the host. One example is the regulation of nucleoporin (nuclear pore complex proteins or Nups) levels by antiviral cytokines such as interferons[@b3][@b4]. In turn, nucleoporins can regulate gene expression by promoting nuclear export of mRNAs encoding antiviral factors and/or by regulating gene expression inside the nucleus where a pool of specific Nups are also found[@b5][@b6][@b7][@b8]. In the case of the nucleoporin Nup96, we have shown that it differentially regulates nuclear export of mRNAs encoding immune and cell cycle regulators[@b5][@b7].

Additionally, several reports in plants have shown the involvement of nucleoporins in defense against pathogens. mos3-1, a homologue of Nup96 in plants, is required for defense against various pathogens, including parasite and bacteria[@b9]. mos3-1 regulates plant immunity and constitutive resistance via the de-regulated Toll interleukin 1 receptor/nucleotide-binding/leucine-rich repeat (TNL)-type R gene snc1[@b9]. Nup96 is a member of a complex of proteins termed the Nup107-160 complex. Other members of this complex, such as Nup160 and Seh1, also have functions in disease resistance in Arabidopsis[@b10][@b11]. Nup160 and Seh1 mediate constitutive resistance in the snc1 mutant and immunity via the TNL-type R genes as mos3-1, the homologue of Nup96[@b11]. This work has also shown that Nup160 and Seh1 have no roles in resistance mediated by coiled coil-type immune receptors, indicating specific functions for these nucleoporins in plant defense signaling. Furthermore, Nup160 mutant cells selectively reduced EDS1 levels, which is an important regulator of basal and TNL-triggered resistance. These results imply that Nup160 regulates proper expression of EDS1 and its functions in conditioned resistance pathways in plants, and that Nup160 may be required for EDS1 activities in autoimmunity[@b10][@b11].

Another member of the Nup107-160 complex is Sec13, which is found at the nuclear pore complex[@b12][@b13], inside the nucleus[@b12][@b14], and is a constituent of the COPII vesicle coat in the cytoplasm[@b15][@b16]. We have previously shown that Nup96 interacts with Sec13[@b12] and that Nup96 has specific roles in immunity related to interferon expression and function in mice[@b7]. Nup96^+/−^ mice have impaired IFNα- and γ-mediated induction of MHC I and IFNγ-mediated induction of MHC II, ICAM-1, and other proteins. The Nup96^+/−^ mice also presented a diminished frequency of CD3+TCRαβ+ and CD4+ T cells, which depends on MHC function. These defects resulted in abnormal antigen presentation and T cell proliferation during immunization and susceptibility to viral infection[@b7].

Here, we investigated the function of Sec13 *in vivo*. We have developed a new mouse model that expresses low levels of Sec13. While many immunological and cellular biological parameters were normal in these Sec13 hypomorphic mice (Sec13^H/−^), they presented specific immunological defects related to interferon gamma (IFNγ), IL-6, TGF-β expression, and immunoglobulin production. Among these phenotypes, the defect in TGF-β expression is the one that persisted upon immunization. TGF-β plays a critical role in restraining pathogenic Th1 responses *in vivo* by inhibiting proinflammatory responses including macrophage activation, T cell proliferation, and IFNγ expression[@b17][@b18]. A direct connection between TGF-β and the development of T cells with regulatory properties (Tregs) has been reported. TGF-β has been shown to induce Foxp3, a transcription factor that is a master regulator of Tregs in naïve T cells and to be expressed coupled to a latency-associated peptide (LAP) on the surface of a subset of Tregs. LAP has been identified as a marker that distinguishes activated Tregs, which mediate suppression via TGF-β[@b19]. Here, Sec13^H/−^ mice showed elevated frequencies of LAP+ regulatory T (Treg) cells as well as decreased expression of IFNγ and of the pro-inflammatory cytokine IL-6. These results were accompanied by low protein levels of interferon-regulated genes such as MHC class I and MHC class II. Presentation of antigenic peptides in the pockets of MHC class I and II is an essential step for the generation and activation of mature CD8+ and CD4+ T lymphocytes in the peripheral lymphoid tissues[@b20]. Moreover, Sec13^H/−^ mice presented high levels of serum non-specific immunoglobulins. Overall, these studies reveal specific immunosuppressive alterations in Sec13^H/−^ mice that are known to impact inflammation.

Results
=======

Mice Expressing Low Levels of Sec13 Did Not Present Pleiotropic Defects
-----------------------------------------------------------------------

Since Nup96 mice presented specific immune defects and Sec13 interacts with Nup96, we set out to investigate the function of Sec13 in mice. A 13kb region containing most of the *sec13* gene was used to construct the targeting vector. This region was first subcloned from a positively identified BAC clone (B6) and designed so that the short homology arm (SA) extends 1.4 kb from the 3′ of exon 9. The long homology arm (LA) starts 5′ of exon 7 and is \~8.7 kb long. The Neo cassette was inserted downstream of the 3′ end of exon 9 and is flanked by two loxP sites. A single loxP site was also inserted upstream the 5′ end of exon 7. The target region is \~2.8 kb and includes exon 7, 8 and 9. After crossing with mice expressing the Cre recombinase, a mutated allele of *sec13* lacking exons 7, 8 and 9 was generated ([Fig. 1a,b](#f1){ref-type="fig"}). Sec13^−/−^ mouse was not viable indicating that the truncated Sec13 was likely degraded. However, we were able to obtain mice expressing low levels of full-length Sec13 protein, Sec13^H/−^ mice. These mice lacked exons 7, 8 and 9 in one allele, as above, and the second allele encodes the same construct with loxP sites but no deletions ([Fig. 1b](#f1){ref-type="fig"}). The presence of the construct in this allele, without deletion, lowered full-length Sec13 mRNA and protein levels ([Fig. 1c--e](#f1){ref-type="fig"}). This is likely because the neo gene creates a cryptic neo exon, which can be included or excluded during splicing. This effect generates a certain amount of truncated protein that is likely degraded but also yields the full-length transcript. Thus, we detected low levels of full-length Sec13 in the Sec13^H/−^ mice as compared to Sec13^+/+^ mice. While we show that full-length Sec13 protein levels are low in Sec13^H/−^ mice, this abnormality did not significantly impact the levels of other tested nucleoporins ([Fig. 1d,e](#f1){ref-type="fig"}). Nup96 levels appear slightly reduced in [Fig. 1d](#f1){ref-type="fig"} (18%) but the average between three independent experiments shows a 4% decrease, which is not significantly different than wild-type levels.

We then investigated the structure of the nuclear pore complex (NPC) in Sec13^H/−^ cells. To assess the reduction of Sec13 protein levels on NPC structure, we used field emission scanning electron microscopy (FESEM), which provides high-resolution three-dimensional surface images of the cytoplasmic side of the nuclear envelope. As shown in [Fig. 2a,b](#f2){ref-type="fig"}, FESEM imaging of exposed nuclei from lung fibroblasts revealed large expanses of nuclear envelopes with NPCs embedded in intact membranes. Comparison of Sec13^+/+^ and Sec13^H/−^ cells showed no significant differences in the distribution of NPCs or in their visible architectural features. Thus, low levels of Sec13 in Sec13^H/−^ mice do not appear to cause any gross architectural changes in the NPC, as visualized from the cytoplasmic side of the nuclear envelope.

To determine whether Sec13^H/−^ mice presented defects in nucleo-cytoplasmic trafficking, transport of mRNA and proteins were assessed. Oligo-dT *in situ* hybridization was performed to investigate the intracellular distribution of poly(A) RNA and showed no significant changes between the Sec13^H/−^ mice and their wild-type counterparts ([Fig. 2c](#f2){ref-type="fig"}). These lung fibroblasts have very large cytoplasm with poly(A) RNA distributed throughout the whole area, giving the false impression that there is considerably more poly(A) RNA in the nucleus. In addition, we performed immunofluorescence staining to determine the intracellular distribution of HDAC1 and hnRNP A1, which are imported into the nucleus via the Karyopherin α/β1 and β2 transport pathways, respectively. In both cases, we have observed no differences between the Sec13^H/−^ and Sec13^+/+^ cells ([Fig. 2d,e](#f2){ref-type="fig"}), indicating that bulk transport through the nuclear pore complex is not significantly altered. This is not surprising as Sec13^H/−^ mice are viable and do not present gross abnormalities.

We then investigated whether low levels of Sec13 altered ER structure. The PDI (protein disulfide isomerase) marker was used in immunohistochemistry of spleen ([Fig. 3a,b](#f3){ref-type="fig"}) and liver ([Supplementary Figure 1a](#S1){ref-type="supplementary-material"}) sections to assess gross defects in ER structure in lymphocytes and hepatocytes from Sec13^+/+^ and Sec13^H/−^ mice. No gross ER defects were observed at the tissue level in Sec13^H/−^ mice. In addition, ER images of lymphocytes were obtained by immunofluorescence with anti-PDI antibody followed by Deconvolution microscopy ([Fig. 3c,d](#f3){ref-type="fig"}) and showed no differences between wild-type and mutant Sec13 mice. Furthermore, lymphocyte areas from spleen of Sec13^+/+^ and Sec13^H/−^ mice were subjected to thin sectioning followed by Electron Microscopy (TEM) and, again, the ER morphology was not altered in Sec13^H/−^ mice ([Fig. 3e,f](#f3){ref-type="fig"}). We have also analyzed the secretory function of immune cells from Sec13^+/+^ and Sec13^H/−^ mice as well as the levels of certain factors secreted by the liver. Overall there is no bulk defect in secretion but the levels of certain specific immune factors that traffic through the secretory pathway are abnormal in Sec13^H/−^ mice. These data are discussed below ([Figs 4](#f4){ref-type="fig"}, [5](#f5){ref-type="fig"}, [6](#f6){ref-type="fig"}). The levels of key factors secreted by the liver were not statistically different between the wild-type and mutant mice, falling within the expected variability in mice ([Supplementary Figure 1b](#S1){ref-type="supplementary-material"}). Moreover, ER exit sites and Golgi structure were assessed by staining mutant and wild-type Sec13 cells with antibodies against Sec31 and p115, respectively. As shown in [Supplementary Figure 2a](#S1){ref-type="supplementary-material"}, ER exit sites or Golgi morphology remain intact in Sec13^H/−^ cells. We also show that Sec31 level is reduced in Sec13^H/−^ mice as compared to wild-type mice ([Supplementary Figure 2b](#S1){ref-type="supplementary-material"}). However, these decreased levels of Sec31 is not sufficient to affect the pool of Sec31 localized at the ER exit sites ([Supplementary Figure 2a](#S1){ref-type="supplementary-material"}), suggesting that cytoplasmic Sec31 is the pool reduced and is not rate limiting for Sec31 recruitment to ER exit sites. This is corroborated by no changes in bulk secretory functions observed in Sec13^H/−^ mice.

Low Levels of Sec13 in Mice Result in Specific Immune Defects
-------------------------------------------------------------

Since Sec13 interacts with Nup96 and the latter regulates specific immune functions, we analyzed several aspects of immunity in the Sec13^H/−^ mice[@b5][@b7][@b9]. Expression of a panel of immunologically relevant molecules was analyzed by flow cytometry in isolated cells from spleen and mesenteric lymph nodes. Various immunological cell populations and functions were normal in Sec13 hypomorphic mice ([Fig. 4a](#f4){ref-type="fig"}). Sec13^H/−^ mice presented normal frequency of T and B cells and granulocytes ([Fig. 4a](#f4){ref-type="fig"}). Production of certain anti-inflammatory and pro-inflammatory intracellular cytokines (IL-6, IL-10, and IL-12) was also normal in macrophages ([Fig. 4a](#f4){ref-type="fig"}). In addition, expression of CD14 and CD16 in these cells was not altered, suggesting normal leucocyte differentiation and activation ([Fig. 4a](#f4){ref-type="fig"}). On the other hand, splenic T cells from Sec13^H/−^ express low levels of intracellular IFN-γ ([Fig. 4b](#f4){ref-type="fig"}). Furthermore, IFN-γ ([Fig. 4b](#f4){ref-type="fig"}) and IL-6 ([Fig. 4c](#f4){ref-type="fig"}) secreted levels were low in cell culture supernatants from Sec13^H/−^ splenic cells that were stimulated for 48h with the mitogen concanavalin A ([Fig. 4b,c](#f4){ref-type="fig"}). The reduction of IFN-γ levels in Sec13^H/−^ mice was followed by a slight but significant decrease in expression of interferon regulated genes such as MHC I and MHC II in macrophages, from spleen and mesenteric lymph nodes ([Fig. 4d](#f4){ref-type="fig"}). We did not observe any difference on the frequency of regulatory CD4+ T cell population expressing the transcription factor Foxp3 ([Fig. 4a](#f4){ref-type="fig"}). However, we detected high frequencies of CD4+ T lymphocytes expressing the membrane form of TGF-β1 coupled to LAP in Sec13^H/−^ mice ([Fig. 4e](#f4){ref-type="fig"}).

As the interaction of MHC molecules and their peptide content with TCRs in T cells is critical to activate immune responses, we tested whether the reduced levels of MHC expression would affect cytokine production in splenic cells. Sec13^+/+^ and Sec13^H/−^ mice were immunized with ovalbumin and a potent Th1 adjuvant, *Mycobacterium tuberculosis*-containing CFA. We have chosen this type of stimulation because it induces a Th1 response with production of IFN-γ. Spleen cells from immunized Sec13^+/+^ and Sec13^H/−^ mice were stimulated *in vitro* with concanavalin A. MHC expression and cytokine production were then analyzed after 48 hours. Surprisingly, we observed that after immunization IFN-γ, IL-6, and MHC II levels became similar between Sec13^+/+^ and Sec13^H/−^ mice while secreted TGF-β was still higher in Sec13^H/−^ mice than in Sec13^+/+^ mice ([Fig. 5](#f5){ref-type="fig"}). These results suggest that inflammatory challenge induces recovery of some but not all immune functions in Sec13^H/−^ mice. The mRNA levels of these cytokines were also measured by real time RT-PCR ([Supplementary Figure 3](#S1){ref-type="supplementary-material"}) and only TGF-β showed a slight increase in mRNA level at 5 h post-concanavalin A treatment, indicating that up-regulation of both mRNA and protein contributed to the higher levels of secreted TGF-β in Sec13^H/−^ mice than in Sec13^+/+^ mice, especially in the mesenteric lymph nodes.

TGF-β regulates B cell development and function[@b21]. Therefore, B cells were also analyzed using their functional markers and by assessing immunoglobulin levels in the serum ([Fig. 6](#f6){ref-type="fig"}). We found no significant difference in the frequencies of B1 (B220+CD19+CD5+) and B2 (B220+CD19+CD5--) cells in the lymphoid organs examined ([Fig. 6a](#f6){ref-type="fig"}). Using the expression of FcεRII (CD23) as marker of naïve B cells and CD21 and CD138+ as markers of activated and Ig-secreting B cells[@b22] respectively, we did not observe differences between Sec13^H/−^ and wild type mice ([Fig. 6a](#f6){ref-type="fig"}). IL-4-producing B effector 2 cells[@b23] and IL-10-producing regulatory B cells[@b24] analyzed were also present at the same frequencies in both groups ([Fig. 6a](#f6){ref-type="fig"}). On the other hand, frequencies of B1 and B2 cells expressing the Fas-receptor (CD95) were lower in Sec13^H/−^ mice than in Sec13^+/+^ mice ([Fig. 6a](#f6){ref-type="fig"}). Expression of molecules that mediate B cell function and activation were also evaluated. Neither expression of MHC II nor MHC I in B cells were altered in Sec13^H/−^ mice ([Fig. 6a](#f6){ref-type="fig"}). In addition, no differences were observed in the expression of receptors for the B cell activating factor (BAFF) in the surface of B1 and B2 cells ([Fig. 6a](#f6){ref-type="fig"}). Interestingly, Sec13^H/−^ mice had higher levels of serum Ig, IgG, and IgM than their wild type counterparts ([Fig. 6c,d](#f6){ref-type="fig"}). This increase in Ig, IgM and IgG production was reverted by immunization with the protein antigen ovalbumin in complete Freund's adjuvant (CFA) concomitantly with the increase in serum specific anti-OVA Ig production ([Fig. 6b--d](#f6){ref-type="fig"}).

We have also tested interferon-β production by transfecting low and high molecular weight forms of poly (I:C) into fibroblasts of Sec13^+/+^ and Sec13^H/−^ mice. These two forms of poly (I:C) are synthetic RNAs that mimic the effect of viral infection by activating the RIG-I and MDA5 pathways leading to type I IFN expression[@b25]. Both forms of poly (I:C) similarly induced IFN-β expression in Sec13^+/+^ and Sec13^H/−^ cells ([Supplementary Figure 4](#S1){ref-type="supplementary-material"}), indicating no apparent alterations in these pathways. In sum, Sec13^H/−^ mice revealed a specific immunosuppressive phenotype.

Discussion
==========

In this study, we investigated the role of Sec13 *in vivo* using a mouse model in which Sec13 is expressed at low levels without affecting its functions in bulk nucleo-cytoplasmic trafficking and in the secretory pathway. We showed that Sec13^H/−^ mice displayed a few similarities with Nup96^+/−^ mice[@b7]. Both Sec13^H/−^ and Nup96^+/−^ mice presented selective defects in the expression of key IFNγ-regulated genes such as MHC expression. Both MHC class I and class II are regulated by cytokines including IFN-γ[@b26][@b27]. Sec13^H/−^ mice showed low levels of INF-γ and IL-6 produced by stimulated T cells as well as low frequencies of splenic IFN-γ+CD8+ T cells. As expected, Sec13^H/−^ mice have decreased levels of MHC I and MHC II in macrophages. In the Nup96^+/−^ mice, MHC expression was also down-regulated but IFN-γ level was high[@b7]. The increased levels of IFN-γ in the Nup96^+/−^ mice was likely a compensatory mechanism for the reduced expression of interferon-induced genes[@b7]. At the same time that Sec13^H/−^ mice have low levels of IFN-γ, showing no compensation for the decrease in the expression of interferon-regulated genes as in the case of the Nup96^+/−^ mice, Sec13^H/−^ mice present high frequency of regulatory T (Treg) cells producing high levels of the surface and secreted forms of TGF-β1. Among the important immunosuppressive activities of TGF-β1 are down-regulation of T-bet, an IFN-γ-inducible transcription factor that promotes Th1 differentiation[@b28], and inhibition of IFN-γ expression[@b17]. These findings suggest a potential defect in the crosstalk between the IFN-γ and TGF-β1 regulatory loop in the presence of low Sec13 levels. These low levels of Sec13 did not affect many immunological functions, including IFN-β levels and various immunological cell populations and factors, indicating specific defects of immunity.

An interesting feature of the Sec13^H/−^ mice is the reversion of some of these phenotypes after immunization with antigen in the presence of Freund's adjuvant (CFA). While IFN-γ and IL-6 production by spleen cells as well as MHCII expression by macrophages (CD11b+ cells) were restored in Sec13^H/−^ mice, secretion of TGF-β by Con-A-stimulated cells from spleen and MLN was increased upon immunization. CFA is a potent stimulator of Th1 responses via secretion of IL-12, and this cytokine negatively regulates differentiation programs induced by TGF-β such as Foxp3 and RORγt expression[@b29]. IFN-γ itself suppresses TGF-β production and signaling through up-regulation of the inhibitory Smad 7[@b30][@b31] and via direct interaction of YB-1 with Smad3[@b32]. Moreover, Th1-related cytokines are dominant over TGF-β stimulation being able to skew already ongoing TFG-β-dependent responses[@b29]. Indeed, we observed that upon immunization IFNγ production was restored in Sec13^H/−^ mice as well as their related responses such as MHC II expression while high levels of TGF-β were concomitantly produced by spleen and MLN cells ([Fig. 5](#f5){ref-type="fig"}). Therefore, the parallel and divergent alterations in the reciprocally regulated IFNγ and TGF-β responses suggest that these pathways are independently influenced by Sec13.

In addition, other potentially inflammatory immune factors are affected by lowering the levels of Sec13 expression. IL-6 was down-regulated in Sec13^H/−^ mice. This cytokine is known as a potent pro-inflammatory mediator secreted by several cell types, such as macrophages, dendritic cells, adipocytes, and is involved in a myriad of acute and chronic inflammatory diseases and processes[@b33]. Therefore, the net result of reducing the levels of Sec13 *in vivo* seems to be a reduced pro-inflammatory profile of the animal.

Regarding B cell function, the most remarkable difference found in Sec13^H/−^ mice was the increased serum levels of immunoglobulins of both IgM and IgG isotypes. In spite of that, there was no alteration in frequencies from either B1 or B2 cell subsets expressing markers of activation. Serum levels of BAFF (data not shown) as well as frequencies of BAFFR+ B cells were normal. However, the increase in non-specific immunoglobulin production correlated with low frequencies of B1 and B2 cells expressing the Fas-receptor (CD95), a factor that induces apoptosis when bound by Fas ligand. Previous *in vivo* data indicate that the defect in Fas function results in uncontrolled autoantibody production, autoimmunity, and increased risk of B cell lymphomas, revealing that the Fas/FasL balance must be very accurately regulated during humoral immune response[@b34]. Fas plays a role in the elimination of non-specific and autoreactive B cells in the germinal center. Antigen-specific survival such as B cell receptor (BCR), or MHC II signal, or coreceptors (CD19) cooperating with BCR inhibits the formation of the death inducing signaling complex[@b35][@b36][@b37][@b38]. Indeed, hypergammaglobulinemia has been reported in autoimmune diseases such as lupus erythematosus[@b39], Sjögren's syndrome[@b40], rheumatoid arthritis[@b41], as well as in the acquired immunodeficiency caused by HIV infection[@b42][@b43]. The specificity of the antibodies found in patients with hypergammaglobulinemia is still a matter of debate. Pathogenic autoantibodies detected in autoimmune diseases are predominantly IgG isotypes, reflecting the generation and activation of an autoimmune memory B cell repertoire. In HIV patients, however, they are not directed towards autoantigens as well as microbiota antigens[@b44]. In our study, we have shown that immunization with an antigen (ovalbumin) in the presence of CFA led to recovery of normal levels of polyclonal serum antibodies (IgM and IgG) followed by an increase in the production of specific serum antibodies to OVA. On one hand, polyclonal immunoglobulin production in the presence of high frequencies of TGF-β-positive T cells and unaltered frequencies of activated B cells resemble the immunosuppressive pattern seen in an immunodeficiency scenario. On the other hand, the recovery of most of B and T cell functions upon immunization showed that low levels of Sec13 expression were sufficient to allow recovery of a normal phenotype when the immune system was robustly stimulated.

The only alteration that immunization was not able to overrule was the TGF-β expression suggesting that Sec13 represents a key element for TGF-β production. We demonstrated an increased frequency of the CD4+ activated (CD25+) T cells that express TGF-β in their surface (LAP) in Sec13^H/−^ mice. These cells can be precursors of CD4+ T cells that secrete TGF-β (Th3 cells)[@b19][@b45][@b46]. Thus, production of the membrane versus the secreted form of TGF-β represents distinct stages of differentiation of TGF-β-producing CD4+ T cells. We then showed that the levels of secreted TGF-β are elevated in Sec13^H/−^ mice when T cells are stimulated with ConA. In this case, stimulation by ConA was required to induce TGF-β-producing T cells *in vitro* and to reveal the effect of Sec13 on the production of the secreted form of TGF-β.

While Sec13 has functions in bulk nucleocytoplasmic trafficking[@b12][@b13] and in the secretory pathway[@b16], Sec13 regulates transcription of a subset of genes[@b12][@b14]. It is possible that the specific immune defects observed in the Sec13^H/−^ mice are related to one or more functions of Sec13 in these different compartments, which could be the topic of future studies. Since some, but not all, of the defects observed in the Sec13^H/−^ mice are similar to the Nup96^+/−^ mice, including down-regulation of MHC expression[@b7], these results suggest a role for these proteins in the same immune pathway. Similar to a potential role of Sec13 in autoimmunity, Nup160, which is in the same complex with Nup96 and Sec13, regulates EDS1 expression as well as its functions in conditioned resistance pathways and autoimmunity[@b10][@b11]. In sum, we have uncovered novel and specific functions of the Sec13 protein in immunity.

Material and Methods
====================

Generation of Sec13^H/−^ mice
-----------------------------

A 13kb region used to construct the targeting vector was first subcloned from a positively identified BAC clone (B6). The region was designed such that the short homology arm (SA) extends 1.4 kb from 3′ exon 9. The long homology arm (LA) starts at 5′ of exon 7 and is \~8.7 kb long. The loxP flanked the Neo cassette and is inserted at the 3′ side of exon 9, and the single loxP site is inserted at the 5′ side of exon 7. The target region is \~2.8 kb and includes exon 7, 8 and 9. The targeting vector was confirmed by restriction analysis after each modification step. P6 and T7 primers anneal to the vector sequence and read into the 5′ and 3′ ends of the BAC sub clone. N1 and N7 primers anneal to the 5′ and 3′ ends of the Neo cassette and sequence the SA and LA respectively. PCR primers used for sequencing included: Primer P6 5′-ATTTAGGTGACACTATAGAACTC-3′; Primer T7 5′-ATTATGCTGAGTGATATCCCTCT-3′; Primer N1 5′-TGCGAGGCCAGAGGCCAGTTGTGTAGC-3′; Primer N7 5′-ATGTGTCAGTTTCATAGCCTGAAG-3′.

Backbone Vector Information: The BAC was sub cloned into a \~2.4kb backbone vector containing an ampicillin selection cassette for retransformation of the construct prior to electroporation. A pGKNeo cassette flanked by loxP sites was inserted into the gene as described in the schematic. The targeting construct can be linearized using Notl prior to electroporation into ES cells. The total size of the targeting construct (including vector backbone and Neo cassette) is \~17.2 kb.

PCR Screening of F1 Pups: PCR Screening Strategy Primer sets Al/N1 and A2/N1 were used to screen F1 pups. N1 anneals inside the Neo cassette and Al and A2 anneals 5′ to the short homology arm, outside the region used to create the targeting construct. Al/N1 amplifies a fragment that is 1.7 Kb in length, and A2/N1 amplifies a fragment that is 1.8KB in length. The expanded ES cell clones were used as a positive control. Oligos for PCR screening: Al: 5′-TAGCATGGAACTCATTCACAG -3′; A2: 5′-TCCTTAGATGCTAATTCTGTGG -3′; Ni: 5′-TGCGAGGCCAGAGGCCAGTTGTGTAGC-3′

Genotyping of pups was performed using the following primer sets: Primer set (I): detects the wild-type allele and the hypomorphic allele containing the full construct including exons 7, 8, and 9, NEO cassette, FRT and loxP sites (5′- ggc aga aac cca att aca tca a-3′; 5′ ggg ggc cca ggc aac atc t 3′); Primer set (II) detects the allele deleted of exons 7, 8, and 9 (5′ ggc aga aac cca att aca tca a 3′; 5′ cga ggc gtc cga aga ac 3′); Primer set (III) detects the wild-type allele and the allele deleted of exons 7, 8, and 9 (5′ gga ttt ggc tag gtt tgt tgg cag gtc a 3′; 5′ acg ggg cat ttg ggg ttc tcc 3′).

Field Emission Scanning Electron Microscopy (FESEM)
---------------------------------------------------

Primary cultures of lung fibroblasts from Sec13^+/+^ and Sec13^H/−^ mice were prepared for FESEM imaging as previously described[@b47][@b48]. Briefly, cells were detached by trypsinization, washed in PBS, and subjected to two separate rounds of hypotonic treatment (15 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl~2~). The cells were then resuspended in PBS+10% glycerol, spun down onto poly-lysine-coated silicon chips and fixed in 3% glutaraldehyde in PBS. Further processing for FESEM included postfixation in 1% osmium tetroxide, dehydration through a graded ethanol series and critical-point drying on a CPD030 apparatus (Bal-Tec). Samples were sputter-coated with 1--2 nm chromium on an EMITECH K575X apparatus and imaged with an in-lens detector for secondary electrons on a Zeiss ULTRA plus field emission scanning electron microscope.

Oligo-dT *in situ* Hybridization and Immunofluorescence Microscopy
------------------------------------------------------------------

Oligo-dT *in situ* hybridization was performed as we previously reported[@b49]. Immunofluorescence microscopy to detect hnRNP A1 (antibody was a gift from M. Matunis) and HDAC1 (monoclonal antibody 2E10 from Upstate Biotechnology) was performed as reported[@b50] and Sec13 was detected as we previously described[@b12]. ER staining in lymphocytes from Sec13^+/+^ and Sec13^H/−^ mice was performed by plating these cells on coverslips treated with Cell-Tak (Corning). Cells were then fixed in 4% PFA for 15 min and permeabilized in 0.5% Triton X-100 for 4 min. Next, cells were blocked in 10% BSA for 30 min followed by incubation with 1 μg/ml anti-PDI antibody (Enzo Life Sciences). Cells were then incubated with anti-mouse Alexa Fluor 488 for 1h. Cells were washed 3x in PBS and then mounted in Fluoromount with Hoechst staining. Images were obtained with an Axiovert 200 100X objective, NA: 1.3., Deconvolved using AutoQuant software, and prepared using Imaris and ImageJ. Staining of ER exit sites and Golgi apparatus was performed in lung fibroblasts from Sec13^+/+^ and Sec13^H/−^ mice grown on glass coverslips. Cells were fixed and permeabilized for 15 min in methanol at −20 °C. Cells were then incubated with a mouse monoclonal antibody against p115 (4H1) and rabbit polyclonal antibodies against Sec31/p137 (Dr. F. Gorelick, Yale University School of Medicine, New Haven, CT)[@b51] followed by goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 594 (Invitrogen) secondary antibodies. DNA was stained with 1 μg/ml Hoechst 33342 (Invitrogen) for 5 min and coverslips were mounted on Mowiol 4--88 solution (Calbiochem). Epifluorescence images were acquired using an Axiovert 200M microscope (Zeiss), an LD Plan-Neofluar 40×/1.3 DIC objective (Zeiss), an Orca 285 camera (Hamamatsu) and the software Openlab 4.0.2 (Improvision).

Immunohistochemistry
--------------------

Liver and spleen were harvested from anesthetized wild-type and mutant mice following fixation via transcardial perfusion and overnight immersion in buffered 4% paraformaldehyde. Subsequent paraffin processing, embedding, and sectioning were performed by standard procedures[@b52][@b53]. Immunohistochemistry was then performed with mouse monoclonal anti-sera to protein disulfide-isomerase (PDI; ID3 clone, Enzo Life Sciences). Following deparaffinization, pH 6.0 citrate-based-microwave-antigen-retrieval, and blocking against detection of endogenous mouse IgG, serial sections were subjected to either PDI primary antibody (1 μg/ml) or phosphate buffered saline (no-primary substitution control). Bound primary antibody was detected according to previously described immunoperoxidase methods[@b54][@b55]. Review and photography of stained histologic preparations were carried out on a Leica DM2000 photomicroscope equipped with bright-field illumination. Photomicrography was achieved using this microscope and an Optronics Microfire digital CCD color camera interfaced with Macintosh G4 computer. Images were captured using PictureFrame 2.0 acquisition and software (Optronics, Inc.) and processed with Adobe Photoshop CS4.

Transmission Electron Microscopy
--------------------------------

Spleens from Sec13^+/+^ and Sec13^H/−^ mice were cut into 1 mm^3^ pieces and fixed with 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer. Tissues were then rinsed in 0.1 M sodium cacodylate buffer and post-fixed in 1% osmium tetroxide and 0.8% Potassium Ferricyanide in 0.1 M sodium cacodylate buffer for 1.5 h at room temperature. Tissues were rinsed with water and en bloc stained with 4% uranyl acetate in 50% ethanol for 2 h. Next, tissues were dehydrated with increasing concentrations of ethanol, transitioned into resin with propylene oxide, infiltrated with Embed-812 resin, and polymerized in a 60 °C oven overnight. Blocks were sectioned with a diamond knife (Diatome) on a Leica Ultracut 6 ultramicrotome (Leica Microsystems) and collected onto copper grids, post-stained with 2% aqueous Uranyl acetate and lead citrate. Images were acquired on a Tecnai G^2^ spirit transmission electron microscope (FEI) equipped with a LaB~6~ source using a voltage of 120 kV.

Real Time-RT PCR and Immunoblots
--------------------------------

Real Time-RT PCR and western blots were performed as we previously described[@b56][@b57]. Briefly, cells were isolated from spleen and RNA was extracted by TRIZOL (Sigma). Reverse transcription was performed using the iScript cDNA synthesis kit (Biorad). Quantitative PCR was performed using LightCycler 480 SYBR Green I Mix (Roche) on the Roche 480 LightCycler Instrument. ΔΔCt values were calculated with the resulting Ct values compared to controls. Primers: β-actin (forward: 5′-TAGCACCATGAAGATCAAGAT-3′, reverse: 5′-CCGATCCACACAGAGTACTT-3′), IL-6 (forward: 5′-TCCATCCAGTTGCCTTCTTG-3′, reverse: 5′-GGTCTGTTGGGAGTGGTATC-3′), IL-10 (forward: 5′-TACTTGGGTTGCCAAGCCTTATCG-3′, reverse: 5′-TCTTCAGCTTCTCACCCAGGGAAT-3′), IFNγ (forward: 5′-TCAAGTGGCATAGATGTGGAAGAA-3′, reverse: 5′-TGGCTCTGCAGGATTTTCATG-3′) and TGF-β (forward: 5′-CCTGAGTGGCTGTCTTTTGA-3′, reverse: 5′-CGTGGAGTTTGTTATCTTTGCTG-3′). Nucleoporin antibodies were used as previously described[@b5][@b12]. Immunoblots were quantified by ImageJ software.

Measurements of Albumin, Cholesterol and Bilirubin Levels
---------------------------------------------------------

Serum levels of Albumin (ALB), Cholesterol (CHOL), and total bilirubin (TBIL) were run in the VITROS-25, using the VITROS ALB Slide method and VITROS Chemistry Systems.

Cell Preparations
-----------------

Spleen and mesenteric lymph nodes were removed and cell suspensions were prepared using a tissue homogenizer followed by centrifugation. Spleen cells were depleted from erythrocytes. Peritoneal macrophages were collected 3 days after injection of 2 ml 3% thioglycolate solution i.p. Lungs cells were obtained by digestion with collagenase type IV as previously described[@b58].

Immunization/Antigens
---------------------

Mice were immunized subcutaneously (s. c.) at the base of the tail with 100 μg OVA emulsified in complete Freund's adjuvant (CFA) containing 50 μg *Mycobacterium tuberculosis* H37RA (DIFCO). Hen's egg ovalbumin (grade III) and Concanavalin A were purchased from Sigma. Fourteen days post-immunization, mice were sacrificed, and spleen were harvested for FACS and cell culture assays.

Cytokine Assays
---------------

Cells isolated from spleen (erythrocyte depleted) were cultured at 1 × 10^7^ cells/ml with or without 4 mg/ml Concanavalin A (Con A). Supernatants were collected after 48 h, and cytokine levels were measured by capture ELISA. Plates were coated with purified monoclonal antibodies against specific cytokines (IL-6, IFN-γ and TGF-β) and cytokine binding was detected by horseradish-peroxidase (HRP)-labeled rat monoclonal antibodies purchased from BD Biosciences. For TGF-β measurements, specific antibodies were purchased from R & D. For intracellular staining, primary cultures were stimulated with Concanavalin A (ConA) for 12 h in the presence of 10 μg/ml brefeldin A from BD Bioscience. Cells were permeabilized using BD Cytofix/Cytoperm**®** Kits and then stained with phycoerithrin (PE)-conjugated mAbs from IL-10, IL-4, IFN-γ, IL-6 and IL-12. Flow cytometric analysis was performed on a FACSCalibur (BD Biosciences); at least 30,000 events were acquired for each sample and analysis was performed using FlowJo software (Tree Star Inc).

Serum immunoglobulin assay (ELISA)
----------------------------------

Total serum immunoglobulins (Ig), IgG and IgM as well as anti-OVA antibody titers were determined by enzyme linked immunosorbent assay (ELISA). Briefly, 96-well plates (Nunc, Roskild, Denmark) were coated overnight with either 0.1 μg/ml goat anti-mouse Ig (Southern Biotechnology Associates Birmingham, AL) for non-specific antibodies or 2 μg/ml OVA solution for anti-OVA antibodies in sodium carbonate buffer, pH 9.6, at 4 °C. Serum samples were added and, for antibody detection, plates were incubated with either horseradish-peroxidase(HRP)-labeled goat anti-mouse IgG1 or HRP-labeled goat anti-mouse Ig, IgM or IgG (Southern Biotechnology, Birmingham, AL) for 1 h at 37 °C. Plates were washed, and incubated in the dark with H~2~O~2~ in the presence of orthophenylenediamine (OPD, Sigma) in sodium citrate buffer, pH 5.0 for 20 min. Reaction was stopped with 20 μl of 2NH~2~SO~4~. Optical density was measured using an automatic ELISA reader at 492 nm. Results were calculated by running sum of ODs of serum dilutions between 1:100 and 1:12,800 of individual mice. This method represents a more precise measurement of antibody titers as described by our group[@b59]. Alternatively, the total Ig, IgM and IgG1 concentrations were obtained by interpolating a standard curve obtained by different concentrations of mouse polyclonal IgG and IgM antibodies (monoclonal OVA-14, Sigma).

Analysis of Cell Markers and Intracellular Cytokines by Flow Cytometry
----------------------------------------------------------------------

Fluorescein isothiocyanate-conjugated (FITC) mAbs; phycoerithrin (PE)-conjugated mAbs; PE-Cy5-conjugated mAbs against cellular markers (CD4, CD8, CD19, CD5, CD11b, CD11c, CD25, Foxp3, LAP, CD14, CD16, CD138, CD95, CD1d, B220, CD21, CD23, BAFF-R, MHCI, MHCII, IgG, IgM) and cytokines (IL-4, IL-10, IL-6, IL-12, IFN-γ) were purchased from BD Biosciences. Surface staining was performed according to standard procedures at a density of 0.5--1 × 10^6^ cells per 25 μl, and volumes were scaled up accordingly. Intracellular staining for cytokine expression was performed using cultured cells in the presence of Brefeldin A. Flow cytometric analysis was performed on a FACSCalibur (BD Biosciences); at least 30,000 events were acquired for each sample and analysis was performed using FlowJo software (Tree Star Inc).

Statements on Animal Protocols
------------------------------

\- All experimental methods involving animal studies were carried out in accordance with the approved guidelines of the National Institutes of Health (NIH).

\- Our experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at University of Texas Southwestern Medical Center. Our Animal Protocol Number (APN) is 2008-0069.
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![Targeted Disruption of the Sec13 Gene in Mice Decreased Sec13 mRNA and protein Levels.\
(**a**) Schematic representation of part of the Sec13 wild-type gene and the mutant allele. Exons 7, 8 and 9 were deleted using the Cre recombinase. (**b**) Genotyping was performed with primer sets that detect: (I) the wild-type allele and the hypomorphic allele containing the full construct including exons 7, 8, and 9, NEO cassette, FRT and loxP sites; (II) the allele deleted of exons 7, 8, and 9; (III) the wild-type allele and the allele deleted of exons 7, 8, and 9. (**c**) Sec13 mRNA levels were measured in wild-type and Sec13^H/−^ mouse lung fibroblasts by real time-RT PCR. GAPDH and actin were used as controls. (**d**,**e**) Sec13^+/+^ and Sec13^H/−^ lung fibroblasts were subjected to immunofluorescence microscopy with anti-Sec13 antibodies (**d**) and immunoblot analysis with antibodies against the depicted proteins (**e**). (**f**) Immunoblot analysis of liver extracts from Sec13^+/+^ and Sec13^H/−^ cells using antibodies against the depicted proteins. Immunoblots were quantified by ImageJ software.](srep17655-f1){#f1}

![Nuclear Pore Complex Structure and Bulk Nucleo-Cytoplasmic Trafficking Are Not Significantly Altered in Sec13^H/−^ Cells.\
(**a**) Sec13^+/+^ and Sec13^H/−^ lung fibroblasts were subjected to hypotonic treatment in order to expose nuclei, and prepared for FESEM imaging. Two large representative areas of nuclear envelopes are shown on the left along with a gallery of individual NPCs from each cell type. (**b**) Histogram shows a quantitative summary of the apparent external diameter measured only in NPCs embedded in flat membrane areas and viewed from the top. No significant architectural differences were detected between NPCs from Sec13^+/+^ or Sec13^H/−^ cells. (**c**) Sec13^+/+^ and Sec13^H/−^ lung fibroblasts were subjected to oligo-dT *in situ* hybridization to determine the intracellular distribution of poly(A) RNA. (**d**,**e**) Sec13^+/+^ and Sec13^H/−^ lung fibroblasts were subjected to immunofluorescence microscopy with anti-HDAC1 antibody (**d**) or anti-hnRNP A1 antibody (**e**), respectively.](srep17655-f2){#f2}

![Reduced Levels of Sec13 Protein Do Not Alter ER Morphology.\
(**a**,**b**) Immunohistochemistry for protein disulfide-isomerase (PDI). High magnification bright-field microscopy of PDI immunoperoxidase localization in the spleen of Sec13^+/+^ and Sec13^H/−^ mice. Boundaries of endoplasmic reticulum are defined by PDI staining (brown) in the spleen of wild-type and mutant mice. The cytoplasm of lymphocytes adjacent to the splenic central arteriole also stain positive for PDI. Hematoxylin counter stain is blue/purple and inset micrographs show absence of staining in matching-anatomy from adjacent sections not subjected to primary antibody. CA, central arteriole; bars, 20 μm. (**c**,**d**) Lymphocytes from spleen of Sec13^+/+^ and Sec13^H/−^ mice were subjected to immunofluorescence with anti-PI antibody followed by Deconvolution Microscopy. Bars, 5 μm. (**e**,**f**) Spleen from Sec13^+/+^ and Sec13^H/−^ mice were processed for thin sectioning and observed by Electron Microscopy. ER is marked by green arrowheads. Bars, 0.5 μm.](srep17655-f3){#f3}

![Sec13^H/−^ Mice Present Specific Immunological Alterations.\
(**a**) Analysis of immunological cell populations in Sec13^+/+^ and Sec13^H/−^ mice. Cell subsets isolated from spleen and mesenteric lymph nodes (MLN) were analyzed by flow cytometry using CD4+ and CD8+ as phenotypic markers for T lymphocytes, CD19+ for B lymphocytes, and CD11b+CD11c- for macrophages. Results are the mean ± SD (n = 8). Intracellular cytokine production (IL-6, IL-10, and IL-12) was measured by flow cytometry in cultured cells in the presence of ConA and GolgiStop®. (**b**--**e**) Splenic cells from Sec13^+/+^ and Sec13^H/−^ mice were subjected to flow cytometry to analyze frequencies of specific populations and expression of molecules. Cells were harvested and cultured for 48h in the presence of Con-A. Intracellular cytokine production was measured by flow cytometry in cultured cells in the presence of ConA and GolgiStop®. Cells were also stained with FITC-labeled anti-CD8, PercP-labeled anti-CD3 and PE-labeled anti-IFN-γ. Bar graphs are shown as mean ± SEM. (**b**,**c**) Cytokine production by splenic cells was measured in the supernatant by sandwich ELISA. Bar graphs are shown as mean ± SEM. (**d**) MHC I and MHC II expression was measured in CD11b+ CD11- cells isolated from mesenteric lymph nodes, spleen, and peritoneum. Graphs are representative of 6 mice/group. (**e**) Cells were stained with FITC-labeled anti-CD4, PercP-labeled anti-CD25, and PE-labeled anti-LAP. CD4+ cells and CD25+ were gated. LAP+ cells were gated within CD4+ CD25+ cells. Plots are representative of the mean of 3 mice/group. All data are representative of three independent experiments. Bar graphs are shown as mean ± SEM. Student T test was applied. \*p \< 0.05; \*\*\*p \< 0.0005.](srep17655-f4){#f4}

![Immunization Counteracts Some of Sec13^H/−^ Immunological Defects.\
Sec 13^+/+^ and Sec13^H/−^ mice were either non-immunized or immunized with ovalbumin adsorbed in a Th1 adjuvant, *Mycobacterium tuberculosis*-containing Complete Freund's Adjuvant. Spleen cells from non-immunized or immunized Sec13^+/+^ and Sec13^H/−^ mice were stimulated *in vitro* with ConA. MHC expression and cytokine production were then analyzed after 48 hours. Results are the mean ± SD (n = 8). All data are representative of three independent experiments. NI, non-immunized; IM, immunized.](srep17655-f5){#f5}

![Sec13^H/−^ mice present hypergammaglobulinemia that is reversed upon Immunization.\
(**a**) Analysis of B cell phenotype in Sec13^+/+^ and Sec13^H/−^ mice. Cell subsets isolated from spleen and mesenteric lymph nodes (MLN) were analyzed by flow cytometry using B220+ CD19+ as phenotypic markers for B lymphocytes. B1 cells were identified as either B220+CD19+CD5+ or CD19+CD5+CD1d+. The activation state of B cells was studied using CD23, CD138 as markers; B cell survival was analyzed using BAFF-R and CD95 as markers. Results are the mean +/− SD (n = 8). Data are representative of three independent experiments. Student T test was applied. \*Statistically different p \< 0.05. (**b**--**d**) Immunoglobulin levels were determined in sera of Sec13^+/+^ and Sec13^H/−^ mice by ELISA. Results are the mean +/− SD (n = 8). Data are representative of three independent experiments.](srep17655-f6){#f6}
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